Inverted type CdS/CdSe core/shell heterostructures were synthesized using ultrasonic assisted low cost and environmentally friendly sol-gel route. Cadmium chloride, thiourea and selenium dioxide were used as Cd, S and Se precursors, respectively. The core/shell heterostructures were analyzed by various techniques like X-ray diffraction, high resolution transmission electron microscope (HRTEM), photoluminescence and optical studies. X-ray diffractograms exhibit the cubic phase structure with its peaks shifting towards the lower angle due to compressive strain. Moiré fringes are observed in HRTEM images of CdS/CdSe core/shell heterostructure due to lattice mismatch between CdS and CdSe. The interplanar spacing of moiré fringes is found to be around 2.38 nm. Photoluminescence studies show the peak shifts towards the higher wavelength due to lattice mismatch between CdS and CdSe. Shift in absorption peak towards the higher wavelength makes them suitable for dye synthesized solar cells.
Introduction
II-VI chalcogenide nano semiconductors are promising materials for scientific and technological applications such as solar cells [1] , light emitting diodes [2] and photocatalysts [3] due to their fundamental excitonic properties [4] [5] [6] [7] . Out of them CdS, CdSe and CdTe have shown high extinction coefficient, photo-stability, tunable band gap and good light absorbing capacity make them suitable for effective charge separation in optoelectronic devices [8] [9] [10] [11] . The small size of these particles leads to a large surface area to volume ratio, which results in large increase in chemical reactivity of the surface. However, particles in nanosize form suffer a number of challenges in controlling reactivity, thermal stability and dispersibility. As a solution, investigators have found that the heterogeneous, composite semiconductors have superior optical optoelectronic and physical properties as compared to the single material [12] . In recent years, a single semiconductor material coated with another material (known as core/shell nanostructure) has also gained prominence [13] [14] [15] [16] [17] [18] . The shell materials are coated for controlling the reactivity and stability of the core [19] . Recently, many applications of core/shell nanostructures are being initiated like biomedical devices, catalysis [1] , luminescence [22] and optoelectronic devices [20] [21] [22] . Selection of core/shell materials are based on relative alignment of conduction and valence band of these materials. Core/shell structures can be classified into three types namely type 1, type 2 and inverted type 1 [23] [24] [25] . In type 1, the band gap of the core is smaller than the shell and both edges of core (valance band edge and conduction band edge) lies within band gap of shell that results in confinement of both charge carriers (electrons and holes) in the core. Much work has been reported in type 1 core/shell [26] [27] [28] . Steckel et al. [29] attempted CdS/ZnS nanocrystals exhibiting bright blue edge emission in the range 460-480 nm. In type 2, configuration valence band and conduction band edges of the core are either lower or higher than valence band and conduction band edges of the shell, results in confinement of holes in core and electrons in shell. However, in inverted type 1 structures, core has wider band gap than shell and both band edge of shell (conduction band and valence band) lies within the core. As a result, lower excitation energy separation occurs and charge carriers are located in the shell. The possible advantages of inverted type 1 structure may be that, the variation of shell thickness can control the wide coverage of the solar spectrum, lifetime of photo excited charge carrier and high quantum efficiency. However, very less work has been reported on inverted type I core/shell and needs to be explored. Among various inverted type semiconducting core/shell combinations, CdS/ CdSe is emerges as most suitable candidate for optoelectronic devices. The growth of a compressive shell material (CdSe) on a core (CdS) may results to a large change in the conduction energy band (C.B.) of the resulting heterostructures. It has superior charge injection efficiency and improved absorption range which helps in optoelectronic devices particularly for the applications in photovoltaic and DSSC [30] . Lattice mismatch between CdS and CdSe, can also be used to control the locations of charge carriers, to modulate the excited state lifetimes and to tune the absorption and emission spectra across a wide wavelength range [31] [32] [33] . In 2010, Kim et al. [34] reported CdS/CdSe nanobelts using physical vapor transport method. In continuation Tain et al. [35] also reported CdS/CdSe QDSSC using SILAR method in 2012 and analyzed enhancement in performance of CdS/CdSe quantum dot co-sensitized solar cells via homogeneous distribution of quantum dots in TiO 2 film. In 2015, Delikanli et al. [36] reported 2D CdS/CdSe hetero nanoplatelets with inverted type-I, using core seeding method and estimated the performance of nanoplatelets for the white light generation. Still lot of work is remains to done specially in the development of chemical route for synthesis of CdS/CdSe inverted type core/shell structures. To the best of our acquaintance, no work has been reported on CdS/CdSe inverted type I core/shell heterostructures synthesized using low cost sol-gel route, which has been proven more effective route to control the synthesis of the shell. In this paper we have reported sol-gel synthesis of CdS/CdSe heterostructure using ultrasonic assisted sol-gel route and their optical, structural and morphological characterization with optoelectronic viewpoint.
Experimental Details
CdS and CdS/CdSe core/shell heterostructures were synthesized using ultrasonic assisted sol-gel route.
Reagents and Materials
The chemicals used in the experiments included cadmium chloride dehydrate (CdCl 2 ·2H 2 O), thiourea (NH 2 CSNH 2 ), selenium dioxide (SeO 2 ), monoethanolamine (MEA), ammonia and thioglycolic acid (HSCH 2 CO 2 H) were purchased from thermo fishers scientific (India) and Ranbaxy. All chemicals were used without further purification.
Synthesis of CdS QDs
0.1 M of CdCl 2 .2H 2 O and 0.1 M of NH 2 CSNH 2 (in the ratio 1:1) were added in 15 ml monoethanolamine (MEA) and dissolved by continuous stirring. 5 ml ammonia was added drop wise in the solution before keeping the solution in ultrasonicator (1000 W, 40 kHz) for 2 h at 70 °C. A yellow transparent sol was obtained and kept for aging. After 30 h aging, the sol converted into gel. A portion of the gel was used to obtain cadmium sulfide particles and rest of the gel was used for the core/shell formations. To extract cadmium sulfide particles the gel was centrifuged at 4000 rpm for 10 min, then washed with acetone and distilled water several times. The yellow particles were filtered and dried in oven at 100 °C for 2 h.
Deposition of a CdSe Shell Around CdS QDs
For CdSe shell, 0.1 M of SeO 2 mixed with 15 ml of TGA is mixed in another beaker, and ultrasonically stirred for 20 min at 70 °C. The solution was added slowly in the gel containing CdS particles kept for continuous ultrasonication for 1:30 h at 50 °C. The yellow color of the sol now changed into orange gel consisting of particles. The particles were collected and dried in oven for 1 h at 90 °C.
Characterization
The samples were analyzed using XRD, HRTEM, photoluminescence and optical studies. X-ray diffractograms were obtained in the angle of 2θ ranging from 20° to 80° with Cu K α radiation of wavelength 1.5413 Å using a Bruker D8 Advanced XRD. TEM and HRTEM micrographs were obtained on a TECHAI G2 F20, operated at 300 kV. PL spectra were recorded using a Perkin Elmer PL-55 instrument. UV-Vis spectra were obtained using a Perkin Elmer λ-25 spectrophotometer in the range of 200-900 nm.
Results and Discussion

X-Ray Diffraction
X-ray diffraction of pure CdS and CdS/CdSe core/shell heterostructure are shown in Fig. 1 . The identified peaks are matched with the JCPDS data [21] corresponding to the cubic phase structure. No additional peaks are observed in the XRD spectra, indicates the high quality of CdS/CdSe heterostructure. It can be observed that the main peak (111) is slightly shifted towards the lower angle after the growth of CdSe. This could be possible due to the presence of compressive strain in the CdS/CdSe heterostructures. Contraction occurs in the planes might be due to lattice mismatch between CdS and CdSe. Similar results were also reported by many others [37] . Thus, it may confirm the formation of core/shell as heterostructures. The crystallite size of CdS and CdS/CdSe heterostructures are calculated using Debye-Scherrer formula [38] which is given by where D = crystallite size, λ = wavelength of X-ray source (1.5413Å), β = full width at half maxima and θ = diffraction angle. The crystallite size of pure CdS and CdS/CdSe core/ shell are determined as 2.15 and 2.32 nm respectively.
TEM/HRTEM Studies
The crystal structures and the formation of heterostructures are further investigated using the HRTEM. Figure 2 shows the HRTEM micrograph of CdS/CdSe core/shell structures. Figure 2b , c are the high resolution images of the selected area of Fig. 2a . The lattice fringes are clearly visible and the interplanar spacing marked for the grains is around 0.33 nm which corresponds to the (111) plane of cubic phase of CdS, shown in Fig. 2b. Figure 2c 
Photoluminescence Studies
PL spectra of CdS and CdS/CdSe heterostructure with 230 nm excitation are shown in Fig. 3a . The broad emission peak at around 415 nm is observed due to excitonic transition of CdS nanostructures [39] . An intense peak is also observed at 640 nm for pure CdS. This peak is observed might be due to interior defects of sulfur, similar results were reported by others [40, 41] . Sample B shows the peaks at 405 nm, 490 nm and 641 nm. The peak occurs at 490 nm in the visible region shifts towards higher wavelength due to lattice mismatch between CdS and CdSe. With the addition of CdSe, the intrinsic defects reduce as compared to the pure CdS.
Optical Studies
Optical spectra of CdS and CdS/CdSe nanostructures are shown in Fig. 3b . CdS spectrum shows the absorbance at 480 nm. With the addition of CdSe to the CdS, the absorption peaks shifted towards the visible region (range 480-520 nm). Results are close agreement with the results . This shift arises due to the defects introduced by lattice mismatch, which occur due to deposition of CdSe over CdS. The absorbance edge of CdS/CdSe appeared at 520 nm, suggesting electrons and holes in CdS core can also be excited under the irradiation of sunlight. The results of optical studies match with PL studies that confirms the core/shell formation and suitable for dye synthesized solar cells.
Conclusions
CdS/CdSe core/shell heterostructures were synthesized using new ultrasonic assisted sol-gel method. XRD studies show the cubic phase structure. Crystallite size decreases and a small shift occur in core/shell due to the lattice mismatch between CdS and CdSe nanostructures. HRTEM confirms the Moiré's fringes with spacing of 2.38 nm in between the moiré's fringes. The PL and optical spectra of core/shell shifted towards the higher wavelength side which is suitable for dye synthesized solar cells.
